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The ability to accurately integrate or bind stimuli from more than one sensory modality
is highly dependent on the features of the stimuli, such as their intensity and relative
timing. Previous studies have demonstrated that the ability to perceptually bind stimuli
is impaired in various clinical conditions such as autism, dyslexia, schizophrenia, as
well as aging. However, it remains unknown if adult-onset hearing loss, separate from
aging, influences audiovisual temporal acuity. In the present study, rats were trained
using appetitive operant conditioning to perform an audiovisual temporal order judgment
(TOJ) task or synchrony judgment (SJ) task in order to investigate the nature and extent
that audiovisual temporal acuity is affected by adult-onset hearing loss, with a specific
focus on the time-course of perceptual changes following loud noise exposure. In our
first series of experiments, we found that audiovisual temporal acuity in normal-hearing
rats was influenced by sound intensity, such that when a quieter sound was presented,
the rats were biased to perceive the audiovisual stimuli as asynchronous (SJ task), or
as though the visual stimulus was presented first (TOJ task). Psychophysical testing
demonstrated that noise-induced hearing loss did not alter the rats’ temporal sensitivity
2–3 weeks post-noise exposure, despite rats showing an initial difficulty in differentiating
the temporal order of audiovisual stimuli. Furthermore, consistent with normal-hearing
rats, the timing at which the stimuli were perceived as simultaneous (i.e., the point of
subjective simultaneity, PSS) remained sensitive to sound intensity following hearing
loss. Contrary to the TOJ task, hearing loss resulted in persistent impairments in
asynchrony detection during the SJ task, such that a greater proportion of trials were
now perceived as synchronous. Moreover, psychophysical testing found that noiseexposed rats had altered audiovisual synchrony perception, consistent with impaired
audiovisual perceptual binding (e.g., an increase in the temporal window of integration
on the right side of simultaneity; right temporal binding window (TBW)). Ultimately, our
collective results show for the first time that adult-onset hearing loss leads to behavioral
plasticity of audiovisual perception, characterized by a rapid recalibration of temporal
sensitivity but a persistent impairment in the perceptual binding of audiovisual stimuli.
Keywords: audiovisual perception, temporal order judgment, synchrony judgment, temporal recalibration,
multisensory processing, hearing loss, noise exposure, rat
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Audiovisual temporal acuity normally undergoes fine-tuning
throughout childhood and adolescence (Hillock et al., 2011;
Hillock-Dunn and Wallace, 2012; Lewkowicz and Flom, 2014;
Kaganovich, 2016), making this perceptual ability susceptible
to disruption in individuals with developmental disabilities,
such as autism spectrum disorder (Bebko et al., 2006; FossFeig et al., 2010; Kwakye et al., 2011; de Boer-Schellekens
et al., 2013; Stevenson et al., 2014a,b), dyslexia (Hairston
et al., 2005; Wallace and Stevenson, 2014) and schizophrenia
(Foucher et al., 2007; Carroll et al., 2008; Martin et al., 2013;
Stekelenburg et al., 2013; Haß et al., 2017; Stevenson et al.,
2017). In such cases, atypical audiovisual temporal acuity
often manifests as an increased length of time over which
audiovisual stimuli are perceptually bound (i.e., the TBW is
wider). Later in life, the ability to accurately perceive the
timing of audiovisual stimuli can also be affected, whereby older
participants typically show impairments in their perception of
temporal order as well as their ability to judge simultaneity
(Setti et al., 2011; Chan et al., 2014a,b; Bedard and BarnettCowan, 2016; Basharat et al., 2018). Overall, it is clear that the
ability to integrate and perceptually bind audiovisual stimuli can
vary widely across individuals, as well as shift throughout one’s
lifespan. What remains unknown, however, is how adult-onset
hearing loss, separate from aging, affects audiovisual temporal
acuity. This is an important topic given the prevalence of
hearing impairment in younger individuals, often caused by
excessive exposure to loud noise at work or during recreational
activities. For example, ∼12% of children and young adults
in the U.S. suffer from noise-induced hearing threshold shifts
(Lin et al., 2011), and it is estimated that 22 million U.S.
workers are exposed to hazardous noise each year (Tak et al.,
2009).
It would be reasonable to predict that moderate hearing
loss—which reduces one’s sensitivity to environmental
sounds—could distort audiovisual temporal acuity due to
the fact that varying the intensity (effectiveness) of auditory
and/or visual stimuli is known to alter perceptual judgments
in normal-hearing participants (Smith, 1933; Neumann et al.,
1992; Neumann and Niepel, 2004; Boenke et al., 2009; Krueger
Fister et al., 2016). That said, it is well-established that the
perceptual binding of audiovisual stimuli is highly-adaptive to
experience, as evidenced from research on participants who
were passively exposed to asynchronous audiovisual stimuli
(Fujisaki et al., 2004; Navarra et al., 2005; Vatakis et al., 2007,
2008b), as well as those actively engaged in perceptual training
(Powers et al., 2009; De Niear et al., 2016, 2018). Thus, an
alternative prediction could be that individuals who experience
adult-onset hearing loss may show limited changes to their
audiovisual temporal acuity, owed to a recalibration of their
perceptual ability as they adapt to their permanent hearing
impairment.
In the present study, we used a rat model to investigate, for
the first time, the nature and extent that audiovisual temporal
acuity is affected by adult-onset hearing loss, with specific
focus on the time-course of perceptual changes following loud
noise exposure. Using appetitive operant conditioning, separate
groups of rats were trained to either determine the temporal

INTRODUCTION
In order to create an unified percept of objects or events
within our external environment, our brain must be able to
accurately integrate or bind stimuli from more than one sensory
modality (e.g., hearing and vision). Decades of research in
numerous species has confirmed that the successful integration
of multisensory information is highly dependent upon the
features of the unimodal stimuli presented, most notably their
intensity and spatiotemporal alignment (King and Palmer, 1985;
Meredith and Stein, 1986, 1996; Meredith et al., 1987; Stein
and Meredith, 1993; Perrault et al., 2005; Stanford et al., 2005;
Rowland and Stein, 2008; Miller et al., 2015). For example, in
such cases when an auditory and visual stimulus occur within
∼100 ms of each other, the stimuli can be perceived by the
observer as having occurred at the same moment in time even
though the stimuli were physically asynchronous. Although
this integration of closely-timed audiovisual stimuli can offer
certain behavioral advantages, such as improved detection,
identification and localization of objects in the environment
(Hershenson, 1962; Diederich and Colonius, 2004; Hirokawa
et al., 2008; Gleiss and Kayser, 2012; Raposo et al., 2012;
Siemann et al., 2015), an overly broad window of temporal
integration could be problematic, as information from truly
separate events may not be correctly perceived as such (Basharat
et al., 2018).
The ability to judge the timing of audiovisual stimuli has
been well studied in humans using psychophysical testing
(for review see Spence et al., 2001; Navarra et al., 2005;
Stekelenburg and Vroomen, 2007; Vatakis and Spence, 2007;
van Eijk et al., 2008; Vroomen and Keetels, 2010; Keetels
and Vroomen, 2012; Stevenson and Wallace, 2013), and more
recently in rats trained with appetitive operant conditioning
(Schormans et al., 2017a). The two most widely used paradigms
to assess audiovisual temporal acuity involve presenting the
stimuli at varying stimulus onset asynchronies (SOAs), and
requiring participants to judge which modality was presented
first (i.e., temporal order judgment, TOJ), or whether the
stimuli were presented at the same time or not (i.e., synchrony
judgment, SJ). In addition to measuring overall performance
during TOJ tasks, researchers often determine the actual
timing of the audiovisual stimuli when the participant was
most unsure of the temporal order (i.e., point of subjective
simultaneity, PSS), as well as the smallest timing interval
that could be detected reliably (i.e., just noticeable difference,
JND; Vatakis et al., 2008a; Vroomen and Stekelenburg, 2011;
Keetels and Vroomen, 2012). In an SJ task such as the
flash-beep paradigm, when participants are asked to judge
whether or not the visual and auditory stimuli were presented
synchronously or asynchronously, researchers can calculate the
participant’s temporal binding window (TBW); the epoch of
time over which physically asynchronous stimuli are perceived
as synchronous (for review see Wallace and Stevenson, 2014).
Thus, the TBW provides insight into the degree of temporal
tolerance in which asynchronous audiovisual stimuli are likely
to be integrated and perceptually bound (Krueger Fister et al.,
2016).
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order of audiovisual stimuli (TOJ task), or differentiate whether
audiovisual stimuli were presented synchronously or not (SJ
task). In the first experimental series, psychophysical testing was
completed for both behavioral tasks in which the intensity of
the auditory stimulus was modulated, while the intensity of the
visual stimulus was held constant. In the second experimental
series, rats trained on the TOJ and SJ tasks were exposed to a
loud noise known to cause permanent hearing loss (Schormans
et al., 2017b, 2018), and their behavioral performance and
associated metrics (e.g., PSS and JND) were monitored for the
next 3 weeks. Ultimately, the first experimental series served to
confirm that audiovisual temporal acuity in normal-hearing rats,
like in humans, is influenced by sound intensity, as well as to
provide additional context when interpreting any noise-induced
changes in perceptual judgment caused by a permanent loss of
auditory sensitivity.

located above the center nose poke. The intensity of the visual
stimulus was determined using a LED light meter (Model LT45,
Extech Instruments, Nashua, NH, USA). The auditory stimulus
was a 50 ms noise burst (1–32 kHz) from a speaker (FT28D,
Fostex, Tokyo) mounted on the ceiling of the behavioral chamber
near the front wall (see Figure 1B). Consistent with Schormans
et al. (2017a), rats were trained on the behavioral tasks using a
75 dB sound pressure level (SPL) auditory stimulus. The auditory
stimulus was calibrated using custom Matlab software with a 1/4inch microphone (2530, Larson Davis) and preamplifier (2221;
Larson Davis).

Overview of Behavioral Training
Procedures for the TOJ and SJ Tasks
Using appetitive operant conditioning, rats were trained on
either an audiovisual TOJ task or an audiovisual SJ task which
were both designed as two-alternative forced-choice paradigms.
In the TOJ task, rats were trained to differentiate the temporal
order of auditory and visual stimuli, whereas rats trained on the
SJ task learned to differentiate between trials when the visual
and auditory stimuli were presented synchronously or when
the visual stimulus preceded the auditory stimulus. For both
behavioral tasks, rats began training at 70 days old (body mass:
281 ± 4.7 g), and were trained 6 days a week. All experimental
testing took place when the rats were between 6 months and
11 months of age.
Prior to commencing behavioral training, rats were weighed
daily and maintained on a food restricted diet until they neared
85% of their free-feeding body mass. During the first few training
sessions, unprompted nose pokes into the center port (which
were detected by the IR beam; red circles in Figure 1B) resulted
in the presentation of an audiovisual stimulus condition, and
the delivery of a 45 mg sucrose pellet (Bio-Serv, Frenchtown,
NJ, USA) to the feeder associated with the stimulus condition
(i.e., TOJ task: auditory-first = left trough, visual-first = right
trough; SJ task: synchronous = left trough, asynchronous = right
trough; Figure 1A). Furthermore, rats were positively reinforced
with a second pellet if they went to the correct feeder trough
following the stimulus presentation (as monitored with the IR
detector; Figure 1B). The second pellet was delivered in order
to help the rats associate a given feeder trough with a specific
audiovisual stimulus condition.
After three consecutive training sessions, the initial pellet
reinforcement was eliminated, and now the delivery of a pellet
was contingent on the rats selecting the correct feeder trough
in response to a given stimulus condition. At this stage of the
training procedure, the SOA was maintained at 400 ms. More
specifically, in the TOJ task, rats were required to differentiate
between ‘‘visual-first’’ and ‘‘auditory-first’’ conditions, where the
timing between stimuli presented was 400 ms (i.e., the auditory
stimulus was presented 400 ms prior to the visual stimulus
and vice versa). Similarly, in the SJ task, rats were required
to differentiate between synchronous (i.e., 0 ms SOA) and
asynchronous audiovisual stimuli in which the visual stimulus
preceded the auditory stimulus by 400 ms. Throughout all
stages of the behavioral training procedure, sessions consisted of
30-min of daily training, where correct feeder trough responses

MATERIALS AND METHODS
Overall, the present study included two experimental series:
(1) to investigate how modulating sound intensity affects
performance on either the TOJ task (Experiment 1A) or SJ task
(Experiment 1B); and (2) to determine whether noise-induced
hearing loss affected the perception of simultaneity (Experiment
2A; TOJ task) or synchrony (Experiment 2B; SJ task). A total of
31 adult male Sprague-Dawley rats (Charles River Laboratories
Inc., Wilmington, MA, USA) were used in the present study:
Experiment 1A (n = 10); Experiment 1B (n = 10); Experiment 2A
(n = 9; one which was also used in Experiment 1A); Experiment
2B (n = 9; six of which were also used in Experiment 1B). This
study was carried out in accordance with the recommendations
of Canadian Council of Animal Care. The protocol was approved
by the University of Western Ontario Animal Care and Use
Committee.

Behavioral Apparatus and Sensory Stimuli
Behavioral training and testing were performed in a standard
modular test chamber (ENV-008CT; Med Associates Inc.,
St. Albans, VT, USA) that was housed within a sound-attenuating
box (290 W by 23.50 H by 23.50 D; Med Associates Inc., St.
Albans, VT, USA). The front wall of the behavioral chamber
was equipped with a center nose poke, a left feeder trough and
a right feeder trough that were each fitted with an infrared
(IR) detector (see Figure 1B), whereas the back wall was
equipped with a house light that illuminated the test chamber.
Real-time processing hardware (RZ6 and BH-32, Tucker Davis
Technologies, Alachua, FL, USA) were interfaced with the
test chamber. Custom behavioral protocols running in Matlab
(EPsych Toolbox1 ) monitored the nose poke responses, and
controlled the presentation of the auditory and visual stimuli, as
well as the positive reinforcement (i.e., sucrose pellet delivery)
and punishment (i.e., turning off the house light and an inability
to commence the next trial).
The visual stimulus was a 50 ms light flash (27 lux) from
an LED (ENV-229M; Med Associates Inc., Fairfax, VT, USA)
1 dstolz.github.io/epsych/
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FIGURE 1 | Rat audiovisual behavioral tasks and chamber set up. Rats were trained on either an audiovisual temporal order judgment (TOJ) task or a synchrony
judgment (SJ) task. (A) Overview of both behavioral tasks. Through a series of stages, rats were trained using a two-alternative forced choice paradigm, where they
were required to choose the right or left feeder trough depending on the stimulus condition presented. For example in the TOJ task, rats were trained to discriminate
between auditory-first and visual-first trials, where the rats respond to the left feeder trough when an auditory-first stimulus condition is presented and the right feeder
trough when a visual-first stimulus condition is presented. (B) Schematic of the front wall of the behavioral chamber used for both tasks. The front wall of the
chamber consists of a left and right feeder trough and a center nose poke, all outfitted with infra-red (IR) detectors (represented by the red circles within the feeders
and nose poke) used for response detection and trial initiation, respectively. The auditory stimulus was delivered from a speaker located above the center nose poke
from above the chamber and the visual stimulus was presented from the LED located immediately above the center nose poke. (C) Representative timeline of a
single trial for rats trained on either the audiovisual TOJ or SJ task. (D) The experimental timeline for the second experimental series consisting of two different test
sessions completed after sham or noise exposure.

were reinforced with a sucrose pellet, and incorrect responses
resulted in the house light turning off for up to 15 s, during which
time a new trial could not be initiated (Figure 1C). Consistent
with previous investigations, the daily amount of food provided
was adjusted so that each rat’s body mass increased with age,
while providing enough motivation for it to complete ∼200 trials
in a session (Stolzberg et al., 2013; Schormans et al., 2017a).
In order for rats to move on to the next training stage,
they were required to correctly discriminate between the two

Frontiers in Behavioral Neuroscience | www.frontiersin.org

audiovisual stimulus conditions (i.e., TOJ task: auditory-first vs.
visual-first; SJ task: synchronous vs. asynchronous) with >75%
accuracy. Once this performance criterion was achieved for
three consecutive days, the SOA timing was reduced to 300 ms
for both stimulus conditions in the TOJ task, as well as the
asynchronous stimulus condition in the SJ task. Consistent
with the previous stage, rats trained for 30 min/day until
the criterion of 75% correct was achieved for both stimulus
conditions. Rats progressed to the final stage of training once
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and averaged across rats within a given sound intensity (i.e., 60,
75 and 90 dB SPL).

they reached the 75% performance criterion in five consecutive
days. During this final training stage, the SOA was reduced
to 200 ms for both stimulus conditions in the TOJ task, as
well as the asynchronous stimulus condition in the SJ task.
The second stimulus condition in the SJ task (i.e., synchronous
audiovisual stimuli) did not change throughout the training
stages. As described in further detail below, each rat was
considered ready to progress to experimental test days once it had
achieved >80% accuracy for five consecutive days on the final
training stage.

Experiment 1B—SJ Task Performance and Analysis
Once rats trained on the SJ task (n = 10) had successfully
reached the final criterion (i.e., >80% correct on synchronous
(0 ms SOA) and asynchronous (200 ms SOA) conditions for
five consecutive days), experimental test sessions were completed
that differed in the intensity of the auditory stimulus (i.e., 60,
75 or 90 dB SPL). Consistent with the TOJ task, experimental
tests were randomized in order to counterbalance the potential
influence of training duration. Test sessions consisted of the
random presentation of five SOAs (i.e., the visual stimulus
preceded the auditory stimulus by 0, 10, 40, 100 or 200 ms).
On each of the test sessions, the trained stimulus conditions
(i.e., 0 ms and 200 ms SOAs) made up 70% of the trials
presented, and these trials continued to be reinforced with
sucrose pellets for correct responses and punished with 15-s
timeouts for incorrect responses. The remaining 30% of the
trials were equally divided among the novel SOAs (i.e., 10, 40,
and 100 ms SOAs), and were reinforced with a sucrose pellet
regardless of whether a correct or incorrect response was made.
Within a given test session, rats were presented a minimum of
18 trials at each of the novel SOAs (mean of 25 ± 0.5 trials); a
suitable number of trials from which it was possible to accurately
determine each rat’s perception of synchrony (Schormans et al.,
2017a).
Ultimately, to assess the effect of sound intensity on
audiovisual SJs, various metrics were extracted from each of the
experimental test sessions. For all five SOAs, performance was
measured as the proportion of trials in which the rat perceived
the stimuli as synchronous (i.e., they responded to the left
feeder trough, Figure 1A). Test sessions were repeated if the
trained stimuli (i.e., 0 ms and 200 ms SOAs) did not reach
the criterion of 70% correct or if a strong side bias formed.
For each rat and a given sound intensity, a psychophysical
profile was generated by plotting straight lines between each
of the neighboring SOAs tested, and the associated slope and
intercept values were tabulated. Using these calculated values,
two audiovisual asynchrony thresholds (50% and 70%) were
extracted in order to evaluate the perceptual consequences of
sound intensity on the audiovisual SJ task. Thresholds of 50% and
70% were extracted as they are common values used to determine
the TBW in humans (Baškent and Bazo, 2011; Stevenson and
Wallace, 2013; Eg et al., 2015; Kaganovich, 2016).

Experiment 1—Modulation of Sound
Intensity
Experiment 1A—TOJ Task Performance and Analysis
Once rats (n = 10) had successfully completed all stages of
behavioral training for the TOJ task, experimental test sessions
were introduced in which novel SOAs were presented to
determine each rat’s audiovisual temporal order perception.
Three different experimental tests were performed in each rat
that differed in the intensity of the auditory stimulus (i.e., 60,
75 or 90 dB SPL). Experimental tests were randomized in order
to counterbalance the potential influence of training duration.
For each of the tests completed, seven SOAs were randomly
delivered (i.e., 0, ±40, ±100 and ±200 ms); however, to reduce
the potential of developing a side bias, 70% of the trials were the
same as the training stimuli (i.e., TOJ task: ±200 ms SOA). The
remaining 30% of trials consisted of the random presentation of
the novel SOAs (0, ±40, ±100 ms). A sucrose pellet was delivered
following each novel SOA regardless of whether a correct or
incorrect response was made. In contrast, the trained stimulus
conditions were positively reinforced for correct responses with
sucrose pellets, and punished for incorrect responses with a
15-s timeout. Within a given test session, rats performed a
minimum of 10 trials at each of the novel SOAs (mean of
13 ± 0.3 trials) to ensure that they had experienced a sufficient
number of trials to accurately determine their ability to judge
the relative timing of audiovisual stimuli (Schormans et al.,
2017a).
To assess the effect of sound intensity on audiovisual temporal
order perception, multiple metrics were extracted from each of
the experimental test sessions. For all seven SOAs, performance
was measured as the proportion of trials in which the rat
perceived the stimuli as visual-first (i.e., responded to the right
feeder trough, Figure 1A). Test sessions were repeated if the
trained stimuli (i.e., ±200 ms) did not reach the criterion of 70%
correct or if a strong side bias formed. Consistent with Vatakis
et al. (2007), a psychophysical profile at each sound intensity
was generated for each rat by plotting straight lines between
each of the neighboring SOAs tested, and the associated slope
and intercept values were calculated. Using these values, the PSS
was calculated by determining the SOA at which 50% of the
responses were perceived as visual-first. In addition, the JND was
determined by taking the difference between the SOAs at which
25% and 75% of the responses were perceived as visual-first,
and then dividing by two (Vroomen and Stekelenburg, 2011).
The PSS and JND were calculated for each of the test sessions,
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Experiment 2—Noise Exposure and
Audiovisual Temporal Acuity
To determine how hearing loss affects audiovisual temporal
acuity, rats that were trained on the TOJ task (n = 9;
Experiment 2A) or SJ task (n = 9; Experiment 2B) underwent
a sham and loud noise exposure, after which their behavioral
performance during subsequent training and testing sessions
were monitored for the next 3 weeks. As outlined in the
experimental timeline (Figure 1D), once the rats had reached the
training performance criterion, their baseline hearing sensitivity
was assessed with an auditory brainstem response (ABR) prior
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was generated with TDT software and hardware (RPvdsEx;
RZ6 module), and delivered by a super tweeter (T90A; Fostex,
Tokyo, Japan) which was placed 10 cm in front of the rat.
This noise exposure protocol was chosen as it is known
to cause persistent changes at the level of the auditory
cortex (Popelar et al., 2008) as well as to induce crossmodal
plasticity within higher-order sensory cortices (Schormans et al.,
2017b).

to the 2-h sham exposure (Day 0). After a 3-day hiatus, rats
returned to performing training sessions for 10 days, followed by
a test session on Day 14 (see Figure 1D). Once the training and
testing sessions were completed following the sham exposure, all
rats underwent a 2-h noise exposure. Consistent with the sham
exposure procedure, behavioral performance was monitored
for 3 weeks following the noise exposure. In addition to the
test session completed on Day 14, noise-exposed rats also
performed a final test session on Day 19 during which time
the intensity of the auditory stimulus was increased from the
standard 75 dB SPL to 90 dB SPL. A final ABR was performed
3 weeks after the noise exposure (Day 21) to assess the level of
permanent hearing loss. Because all trained rats first underwent
a sham exposure (see Figure 1D), this allowed for a withinsubject control of the possible effects of anesthesia and/or time
delay before returning to the behavioral sessions post-noise
exposure.

Behavioral Testing and Performance Post-noise
Exposure
Consistent with the experimental parameters described above,
the sham/noise-exposed rats performed test sessions that
included both the novel and training SOAs for audiovisual
stimuli during the TOJ task (i.e., 0, ±40, ±100 and ±200 ms;
Experiment 2A) and SJ task (i.e., visual preceding auditory by
0, 10, 40, 100 or 200 ms; Experiment 2B). Ultimately, for both
the TOJ and SJ tasks, the effect of noise-induced hearing loss
on audiovisual temporal acuity was determined by comparing
the sham vs. noise exposure performance for the SOAs on
the training sessions of Day 4–13, as well as the audiovisual
psychophysical curves generated on Day 14 (i.e., 75 dB SPL) and
Day 19 (i.e., 90 dB SPL). Furthermore, the PSS and JND were
calculated for rats that performed the TOJ task, and the results
were compared between the sham and noise exposure conditions.
Based on performance during the SJ task, it was possible
to determine the effect of noise-induced hearing loss on the
temporal window of integration by comparing the audiovisual
asynchrony thresholds (50% and 70%) in rats post-sham vs.
post-noise exposure.

Hearing Assessment
Hearing sensitivity before and after noise exposure were assessed
using an ABR, which was performed in a double-walled soundattenuating chamber. Rats were anesthetized with ketamine
(80 mg/kg; IP) and xylazine (5 mg/kg; IP), and subdermal
electrodes were positioned at the vertex, over the right mastoid
process and on the back. Throughout the procedure, body
temperature was maintained at ∼37◦ C using a homeothermic
heating pad (507220F; Harvard Apparatus, Kent, UK). Auditory
stimuli consisted of a click (0.1 ms) and two tones (4 kHz and
20 kHz; 5 ms duration and 1 ms rise/fall time) which were
generated using a Tucker-Davis Technologies (TDT, Alachua,
FL, USA) RZ6 processing module at 100 kHz sampling rate.
Stimuli were delivered from a magnetic speaker (MF1; TDT)
positioned 10 cm from the animal’s right ear. The left ear
was occluded with a custom foam earplug. Each of the stimuli
were presented 1,000 times (21 times/s) at decreasing intensities
from 90 dB to 10 dB SPL in 10 dB SPL steps. Near threshold,
successive steps were decreased to 5 dB SPL, and each level
was presented twice in order to best determine ABR threshold
using the criteria of just noticeable deflection of the averaged
electrical activity within the 10 ms window (Popelar et al.,
2008; Schormans et al., 2017b). The auditory evoked activity
was collected using a low impedance headstage (RA4L1; TDT),
preamplified and digitized (RA16SD Medusa preamp; TDT),
and sent to a RZ6 processing module via a fiber optic cable.
The signal was filtered (300–3,000 Hz) and averaged using
BioSig software (TDT). Sound stimuli for the ABR and noise
exposure were calibrated with custom Matlab software (The
Mathworks, Natick, MA, USA) using a 1/4-inch microphone
(2530; Larson Davis, Depew, NY, USA) and preamplifier (2221;
Larson Davis).

Statistics and Data Presentation
The statistical analyses performed in the present study included
one- and two-way repeated-measures analysis of variance
(rmANOVA), and paired samples t-tests, depending on the
comparison of interest (see ‘‘Results’’ section for the details
of each specific comparison). If Mauchly’s test of sphericity
was violated within the repeated-measures ANOVA, the
Greenhouse-Geisser correction was used. SPSS software (version
25, IBM Corporation, Armonk, NY, USA) was used for
statistical analyses, and GraphPad Prism (GraphPad Software
Inc., La Jolla, CA, USA) was used to plot the results.
Data are presented as the mean values ± standard error of
the mean (SEM).

RESULTS
Experiment 1A—Modulation of Sound
Intensity Shifted the Perception of
Simultaneity During the TOJ Task

Noise Exposure
Rats were anesthetized with ketamine (80 mg/kg; IP) and
xylazine (5 mg/kg: IP), and placed on a homeothermic heating
pad to maintain body temperature at ∼37◦ C. Noise exposure
consisted of a calibrated broadband noise (0.8–20 kHz) delivered
bilaterally at 120 dB SPL for 2 h. The broadband noise
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The effect of sound intensity on audiovisual temporal order
perception was examined during the TOJ task using three
testing conditions which differed in the intensity of the auditory
stimulus presented (i.e., 60, 75 and 90 dB SPL). For each test
session, the proportion of trials that were perceived as visualfirst were determined for all SOAs ranging from −200 ms
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FIGURE 2 | Effect of sound intensity on audiovisual temporal order perception. (A) Behavioral performance was plotted as the proportion of responses the rat
perceived as “visual-first” (i.e., right feeder trough) for test days completed at 60 dB, 75 dB and 90 dB sound pressure level (SPL). A right-ward shift in the TOJ curve
was observed as the intensity of the auditory stimulus increased. For example, at 0 ms stimulus onset asynchrony (SOA) there was an increase in “visual-first”
responses at 60 dB SPL when compared to 75 dB SPL (∗ p < 0.01), and a significant decrease in “visual-first” responses at 90 dB SPL when compared to 75 dB
SPL (∗∗ p < 0.001). (B) The point of subjective simultaneity (PSS) and (C) the just noticeable difference (JND) were derived from the TOJ task. For PSS, a significant
difference was observed between all sound intensities (∗∗ p < 0.001), demonstrating a right-ward shift from “auditory-first” responses to “visual-first” responses as the
sound intensity increased. For JND, a significance difference was only observed at the lowest sound intensity (i.e., 60 dB SPL), resulting in an increased window of
integration (∗∗ p < 0.01, ns = not significant). Results are displayed as mean ± standard error of the mean (SEM), n = 10.

of simultaneity, whereas the 60 dB SPL session only affected
auditory-first SOAs. Although additional comparisons did not
reach statistical significance, the aforementioned results persisted
as trends for the −100 ms SOA (see Table 1), in which the
90 dB SPL auditory stimulus was more likely to be perceived
as auditory-first (Figure 2A). Taken together, these results
demonstrate that sound intensity influenced the perception of
audiovisual stimuli at various SOAs, with louder stimuli having
the largest effect on judgments of audiovisual temporal order.
In addition to the analyses completed on the TOJ
psychophysical curves, the PSS and JND were calculated and
compared across the three sound intensity testing conditions.
As expected based on the TOJ psychophysical curves, a one-way
rmANOVA revealed that sound intensity influenced the
perception of audiovisual simultaneity (i.e., PSS; F (2,18) = 36.7,
p < 0.001). Consistent with our previous study (Schormans
et al., 2017a), during the 75 dB SPL testing condition, the
PSS was centered around an SOA of 0 ms (PSS = 2.7 ± 6.3 ms;
Figure 2B). However, when the intensity of the auditory stimulus
was decreased, the PSS also decreased (p < 0.001), such that
the auditory stimulus needed to be presented well before the
visual stimulus in order for the stimulus pair to be perceived as

(i.e., auditory-first) to +200 ms (i.e., visual-first). Overall, a
two-way rmANOVA revealed a significant interaction of sound
intensity by SOA (F (3.8,34.3) = 6.0, p < 0.01). To examine this
interaction, post hoc paired samples t-tests were completed
between the test sessions at 75 dB SPL and 60 or 90 dB SPL.
As shown in Figure 2A, when performance was compared
across all SOAs for 75 and 60 dB SPL testing conditions, a
significantly higher proportion of trials were perceived as ‘‘visualfirst’’ when the 60 dB SPL auditory stimulus was delivered 200 ms
before the visual stimulus (p < 0.007). Although additional
comparisons did not reach statistical significance once corrected
for multiple comparisons (Bonferroni-adjusted p-value of 0.007),
trends persisted at an SOA of −40 ms and 0 ms (see Table 1
for detailed statistics), in which the 60 dB SPL auditory stimulus
was more likely to be perceived as visual-first (Figure 2A).
Contrary to the results observed during the 60 dB SPL test
session, as the sound intensity increased from 75 dB to 90 dB SPL,
the majority of SOAs tested were predominantly perceived as
auditory-first. More specifically, there was a significant decrease
in the proportion of trials perceived as visual-first at SOAs of
−200, 0, and 40 ms (p < 0.007; Figure 2A), demonstrating that
the 90 dB SPL testing session influenced perception on both sides
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Following a 3-day hiatus, rats that were trained on the
TOJ task returned to the behavioral chamber for daily training
sessions. As described above, training sessions consisted of
the random presentation of auditory- or visual-first stimuli at
an SOA of 200 ms. To determine the effect of hearing loss
on judgments of audiovisual temporal order, performance on
trials made up of auditory-first stimuli were analyzed preand post-exposure. A two-way rmANOVA (exposure × time)
for auditory-first stimuli revealed a significant interaction
of exposure by time (F (1,8) = 8.6, p < 0.05). As can
be seen in Figure 3A, a comparison of performance preand post-exposure showed a decrease in performance on
auditory-first trials following noise exposure (p < 0.05;
Figure 3A). Next, we investigated if there was a relationship
between TOJ task performance and the degree of hearing
loss. A Pearson correlational analysis revealed a significant
relationship between final click thresholds and auditory-first
performance 3 days following noise exposure (r = −0.84,
p < 0.01), such that higher hearing thresholds (i.e., greater
degree of hearing loss) resulted in the larger impairments
in auditory-first performance (Figure 3B). Not surprisingly,
following the sham exposure, there was no difference in
performance on auditory-first trials (p = 0.80; Figure 3A).
In addition to the first training session, performance was
monitored over a total of 10 days post-exposure, at which
point the first experimental test session was completed
(i.e., post-exposure test at 75 dB SPL). A two-way rmANOVA
revealed a significant interaction of exposure by training session
(F (2.7,21.4) = 4.0, p < 0.05), and post hoc paired samples t-tests
demonstrated a slight decrease in auditory-first performance
during the first two training sessions (i.e., Day 4 and 5;
p < 0.05). Following the second training session (i.e., Day 5),
performance returned to normal (i.e., equivalent to post-sham
exposure performance, p > 0.05), indicating the auditory-first
performance rapidly re-calibrated following adult-onset hearing
loss (Figure 3C).
To further explore the effect of noise exposure on judgments
of audiovisual temporal order, performance on visual-first trials
was analyzed pre- and post-exposure. A two-way rmANOVA
(exposure × time) revealed a significant interaction of exposure
by time (F (1,8) = 7.7, p < 0.05). Similar to the results
during the auditory-first performance, there was a significant
decrease in performance on visual-first trials following noise
exposure (p < 0.01; Figure 3D). As expected, no difference
was observed following the sham exposure (p = 0.13). Contrary
to the auditory-first performance (Figure 3B), there was no
significant relationship between final click thresholds and visualfirst performance 3 days following noise exposure (Pearson
correlational analysis; r = −0.01, p = 0.76; Figure 3E). Moreover,
visual-first performance showed no impairments over the course
of the 10 days post-exposure, as there was no effect of
training session (F (3.4,27.5) = 2.3, p = 0.09) and no interaction
of training session by exposure (F (3.8,30.5) = 1.1, p = 0.38;
Figure 3F). Taken together, these results demonstrate that
hearing loss predominantly influenced performance on trials
when the auditory stimulus was presented before the visual
stimulus.

TABLE 1 | Effect of auditory intensity and hearing loss on audiovisual temporal
perception at all stimulus onset asynchronies (SOAs) when compared to 75 dB
sound pressure level (SPL) testing sessions.
Experiment
Experiment 1A
Decreased sound intensity
(75 dB vs. 60 dB SPL)

Experiment 1A
Increased sound intensity
(75 dB vs. 90 dB SPL)

Experiment 2A
Increased sound intensity
(Post-Noise: 75 dB vs. 90 dB SPL)

SOA (ms)

t-score

p-value

−200
−100
−40
0
40
100
200

4.29
0.69
3.29
3.30
−0.20
−0.87
−0.34

2.02 × 10−3
n.s.
9.37 × 10−3
9.20 × 10−3
n.s.
n.s.
n.s.

−200
−100
−40
0
40
100
200

−5.05
−3.04
−1.40
−5.28
−4.21
−1.72
−1.37

6.95 × 10−4
1.40 × 10−2
n.s.
5.08 × 10−4
2.28 × 10−3
n.s.
n.s.

−200
−100
−40
0
40
100
200

3.09
0.61
3.75
3.09
4.18
−0.01
−0.36

1.49 × 10−2
n.s.
5.64 × 10−3
1.49 × 10−2
3.07 × 10−3
n.s.
n.s.

n.s., not significant.

simultaneous (Figure 2B). The opposite pattern occurred when
the intensity of the auditory stimulus was 90 dB SPL, as the PSS
was significantly increased (p < 0.001). Interestingly, although
the rats’ PSS was greatly affected by the intensity of the auditory
stimulus, their ability to accurately discriminate the temporal
order of the audiovisual stimuli (i.e., JND) was less affected (oneway rmANOVA, F (2,18) = 5.0, p < 0.05). For example, whereas
the testing condition with the 60 dB SPL auditory stimulus
showed a significant increase in JND compared to 75 dB SPL,
no other differences were observed (Figure 2C). Overall, these
collective results demonstrate that sound intensity influenced the
rats’ perception of simultaneity, but did not appreciably affect
their sensitivity to reliably detect differences in the timing of the
stimuli.

Experiment 2A—Rapid Recalibration of
Audiovisual Temporal Order Perception
Following Hearing Loss
The effect of noise exposure on hearing sensitivity was assessed
for rats trained on the TOJ task (n = 9) by comparing their
ABR thresholds for the 4 kHz, 20 kHz and click stimuli pre- and
post-noise exposure. A two-way rmANOVA (time × stimulus
type) revealed a significant interaction of time by stimulus type
(F (2,16) = 7.26, p < 0.01). Overall, noise exposure increased ABR
thresholds across all stimuli with the 20 kHz tone showing the
greatest threshold shift (pre-noise: 20.6 ± 1.3 dB SPL vs. postnoise: 53.9 ± 5.2 dB SPL) compared to the 4 kHz tone (prenoise: 28.9 ± 1.4 dB SPL vs. post-noise: 53.9 ± 4.6 dB SPL),
and click stimulus (pre-noise: 26.1 ± 0.7 dB SPL vs. post-noise:
46.1 ± 3.2 dB SPL).
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FIGURE 3 | Altered auditory- and visual-first performance during TOJ training sessions following noise exposure. (A) Auditory-first performance and (D) visual-first
performance pre- and 3 days post-exposure to a loud noise or sham. Following noise exposure there was a slight decrease in auditory-first performance (∗ p < 0.05,
ns = not significant), as well as a significant decrease in visual-first performance (∗∗ p < 0.02, ns = not significant). Solid bars represent pre-exposure performance,
and patterned bars represent post-exposure performance. Correlation results for (B) auditory-first performance and (E) visual-first performance as a function of final
hearing sensitivity (i.e., click thresholds). Gray circles represent the individual data for each rat post-noise exposure. The solid line represents the linear regression line,
and the Pearson correlation results along with the significance levels are displayed in the bottom of the panel. Behavioral performance on (C) auditory-first trials and
(F) visual-first trials were monitored for 10 days post-exposure. A decrease in performance on auditory-first trials was observed following noise exposure during the
first two training sessions (∗ p < 0.05). Results are displayed as mean ± SEM, n = 9.

increased to 90 dB SPL. A two-way rmANOVA revealed a
significant interaction of sound intensity by SOA (F (6,48) = 5.7,
p < 0.001). As shown in Figure 4B, when performance was
compared across all SOAs at 75 and 90 dB SPL post-noise
testing conditions, a significantly higher proportion of trials
were perceived as ‘‘auditory-first’’ when the 90 dB SPL auditory
stimulus was delivered at an SOA of −40 ms and 40 ms
(p < 0.007). Although additional comparisons did not reach
statistical significance once corrected for multiple comparisons,
trends persisted at an SOA of −200 ms and 0 ms, in which the
90 dB SPL auditory stimulus was more likely to be perceived
as auditory-first (see Table 1). Thus, adult-onset hearing loss
does not seem to impair audiovisual temporal perception, as
the behavioral performance of the noise-exposed rats remained
sensitive to modulation of the intensity of the auditory stimulus.
Finally, to further examine the effect of hearing loss on
judgments of audiovisual temporal order, perceived simultaneity
(i.e., PSS) and temporal sensitivity (i.e., JND) were analyzed
and compared across all experimental test sessions. Overall, we
found that the PSS was indeed influenced by the experimental
test session (one-way rmANOVA; F (2,16) = 8.9, p < 0.01).
Consistent with the results in the TOJ curves, PSS did not change
following noise exposure (p = 0.87). However, when the sound
intensity was increased from 75 dB to 90 dB SPL, the PSS of the

Experiment 2A—Audiovisual Temporal
Order Perception in Noise-Exposed Rats
Remained Sensitive to Sound Intensity
Modulation
To examine the effect of noise-induced hearing loss on
audiovisual temporal perception, experimental tests were
completed 2 weeks following sham exposure and noise
exposure. Consistent with Experiment 1A, for each test
session, the proportion of trials that were perceived as
visual-first were calculated for all SOAs. A two-way
rmANOVA (exposure × SOA) revealed a main effect of
SOA (F (2.3,18.1) = 190.5, p < 0.001) and no effect of exposure
(F (1,8) = 0.25, p = 0.634), as well as no interaction of exposure by
time (F (6,48) = 0.43, p = 0.859). Thus, despite an initial difficulty
in differentiating the temporal order of audiovisual stimuli in
the first few days following noise exposure (Figures 3A,C), the
ability to accurately judge the temporal order of audiovisual
stimuli returned to pre-exposure performance levels in rats with
permanent hearing loss (Figure 4A).
To determine whether audiovisual temporal perception
continued to be sensitive to changes in sound intensity following
hearing loss, an additional experimental test session was
conducted in which the intensity of the auditory stimulus was
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FIGURE 4 | Preserved audiovisual temporal perception following adult-onset hearing loss. (A) Test sessions at 75 dB SPL were completed 2 weeks following
exposure to a loud noise (i.e., post-noise) or quiet (i.e., post-sham). (B) An additional test session was completed at 90 dB SPL (i.e., post-noise (90 dB SPL)) and
compared to the test session at 75 dB SPL (i.e., post-noise (75 dB SPL)), in order to determine if temporal perception remained sensitive to sound intensity. For all
test sessions, performance was plotted as the proportion of trials that the rats perceived as “visual-first” (i.e., responded to the right feeder trough; ∗ p < 0.05,
∗∗
p < 0.007). (C) The PSS and (D) the JND were derived from each of the test sessions (∗∗ p < 0.01, ns = not significant). Results are displayed as mean ± SEM,
n = 9.

noise-exposed rats significantly increased (p < 0.01; Figure 4C);
results which were consistent with those observed in rats with
normal hearing (Experiment 1A; Figure 1A). As can be seen in
Figure 4D, JND did not differ across the various experimental
test sessions (one-way rmANOVA; F (2,16) = 1.3, p = 0.302).
Overall, these results demonstrate that adult-onset hearing loss
did not alter the perception of audiovisual simultaneity or
temporal sensitivity as assessed with the TOJ task.

testing condition, the proportion of trials that were perceived as
synchronous were determined for all SOAs ranging from 0 ms
(i.e., synchronous) to 200 ms (i.e., asynchronous). Overall, a
two-way rmANOVA revealed a significant interaction of sound
intensity by SOA (F (8,72) = 8.1, p < 0.001). To further investigate
this interaction, post hoc paired samples t-tests were completed
between the test sessions at 75 dB SPL and 60 or 90 dB SPL.
As shown in Figure 5A, a comparison of performance across
the various SOAs for the 75 and 60 dB SPL testing conditions
revealed that the rats perceived a significantly lower proportion
of trials as synchronous when the 60 dB SPL auditory stimulus
was delivered 40 ms before the visual stimulus (p < 0.001).
Consistent with the nature of these differences observed at 60 dB
SPL, when the auditory stimulus intensity was increased from
75 dB to 90 dB SPL, there was a significant increase in the
proportion of trials at an SOA of 40 ms that the rats perceived as
synchronous (p < 0.008; see Table 2 for detailed statistics). Given

Experiment 1B—Modulation of Sound
Intensity Altered the Detection of
Asynchronous Stimuli During the SJ Task
The effect of sound intensity on audiovisual synchrony
perception was investigated during the SJ task using three
testing conditions which differed in the intensity of the auditory
stimulus presented (i.e., 60, 75 and 90 dB SPL). For each
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FIGURE 5 | Effect of sound intensity on audiovisual synchrony perception as measured during an SJ task. (A) Behavioral performance was plotted as the proportion
of trials the rat perceived as “synchronous” (i.e., left feeder trough) for tests completed at 60 dB, 75 dB and 90 dB SPL. A significant difference was observed at both
60 dB SPL (52.1 ± 3.3%) and 90 dB SPL (85.0 ± 3.3%) when compared to 75 dB SPL (69.0 ± 1.7%; ∗∗ p < 0.01), indicating that as sound intensity increased, the
rate of perceived synchrony also increased when the SOA was less than 100 ms (∗ p < 0.05). The (B) 50% threshold and (C) 70% threshold were derived from the
SJ task. Consistent with the SJ curves, both thresholds showed a significant increase as the intensity of the auditory stimulus increased (∗∗ p < 0.01). Results are
displayed as mean ± SEM, n = 10.

that there were no performance differences when the visual
stimulus preceded the various auditory stimuli by 100 or 200 ms
(Figure 3A), the collective results show that modulation of
sound intensity had the greatest effect on audiovisual synchrony
perception when the pair of stimuli were presented relatively
close together in time (0–100 ms).
In addition to analyzing the role of sound intensity
modulation on the SJ psychophysical curves, the 50% and 70%
audiovisual asynchrony thresholds were extracted and compared
across all sound intensities, as these thresholds represent criteria
used previously to determine the TBW (Stevenson and Wallace,
2013). A one-way rmANOVA revealed a significant main
effect of sound intensity for the 50% threshold (F (2,18) = 44.2,
p < 0.001), whereby the rats’ threshold significantly increased
(p < 0.001) in accordance with the intensity of the auditory
stimulus (Figure 5B). Similarly, a significant main effect was
also observed at the 70% threshold (one-way rmANOVA;
F (1.2,11.0) = 30.1, p < 0.001), such that when the auditory
stimulus intensity increased from 60 dB to 90 dB SPL, there
was a significant widening of the right-sided TBW (Figure 5C).
Thus, these collective results indicate that the louder the sound
intensity during a flash-beep SJ task, the longer the time interval
that was needed between the visual and auditory stimuli for
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the rats to correctly judge that the stimulus pair was indeed
asynchronous.

Experiment 2B—Persistent Impairments in
the Ability to Judge the Synchrony of
Audiovisual Stimuli Following Adult-Onset
Hearing Loss
Alterations in hearing sensitivity were assessed pre- and
post-exposure for the rats trained on the SJ task (n = 9) by
comparing their ABR thresholds for the 4 kHz, 20 kHz and
click stimuli. As expected, a two-way rmANOVA revealed a
significant interaction of time by stimulus type (F (2,16) = 11.2,
p < 0.01). Moreover, Bonferroni corrected post hoc t-test revealed
that noise exposure caused a significant increase in the ABR
threshold of the click (pre-noise: 26.7 ± 0.8 dB SPL vs. post-noise:
54.4 ± 3.7 dB SPL, p < 0.001), 4 kHz (pre-noise: 28.3 ± 1.2 dB
SPL vs. post-noise: 61.7 ± 3.3 dB SPL, p < 0.001), and 20 kHz
tone (pre-noise: 23.3 ± 0.8 dB SPL vs. post-noise: 63.9 ± 4.5 dB
SPL, p < 0.001).
Rats that were trained on the SJ task returned to daily
behavioral training sessions 3 days following exposure to a
loud noise or sham. Training sessions consisted of the random
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While no other training sessions reached statistical significance
once corrected for multiple comparisons (Bonferroni-adjusted
p-value of 0.004), trends persisted on days 6 through 8 (p < 0.05),
in which synchronous trials were more likely to be perceived
as asynchronous. However, following the fifth training session
(i.e., Day 8), performance returned to normal (i.e., equivalent to
post-sham exposure performance, p > 0.05), suggesting that the
ability to detect synchronous stimuli eventually recovered after
noise exposure.
To further examine the effect of hearing loss on judgments
of synchrony, performance on asynchronous trials during the
first training session was also examined pre- and post-exposure.
Surprisingly, a two-way rmANOVA only revealed a main effect
for exposure (F (1,8) = 6.6, p < 0.05); there was no effect of
time (F (1,8) = 2.6, p = 0.15) and no significant interaction of
exposure by time (F (1,8) = 1.3, p = 0.28). Therefore, contrary
to synchronous trials (i.e., 0 ms SOA), the ability to categorize
asynchronous trials (i.e., 200 ms SOA) was not influenced by
exposure to a loud noise or sham (Figure 6D). Consistent with
the analyses described above, asynchronous performance and
final hearing thresholds were examined in order to determine
if performance was dependent upon hearing sensitivity. A
Pearson correlation analysis revealed no significant relationship
between performance on asynchronous trials and final click
thresholds (r = −0.4, p = 0.286). While performance on the
first training session was relatively maintained (see Figure 6D),
performance across the 10 training sessions prior to the first
experimental test session was consistently impaired (Figure 6F).
A two-way rmANOVA revealed a significant interaction of
exposure by training session (F (3.8,30.3) = 3.5, p < 0.05). A
further examination of this interaction demonstrated significant
impairments in performance on Day 6 and 7 (p < 0.004)
as well as slight impairments on Day 5 and 8 through 13
(p < 0.05). Therefore, hearing loss caused persistent impairments
in asynchrony detection, such that a greater proportion of trials
were perceived as synchronous; findings which could ultimately
relate to an impaired perceptual binding of audiovisual stimuli.

TABLE 2 | Effect of auditory intensity and hearing loss on audiovisual synchrony
perception at all SOAs when compared to 75 dB SPL testing sessions.
Experiment
Experiment 1B
Decreased sound intensity
(75 dB vs. 60 dB SPL)

Experiment 1B
Increased sound intensity
(75 dB vs. 90 dB SPL)

Experiment 2B
Post-Exposure at 75 dB SPL
(Post-Sham vs. Post-Noise)

Experiment 2B
Increased sound intensity
(Post-Noise: 75 dB vs. 90 dB SPL)

SOA (ms)

t-score

p-value

0
10
40
1000
200

−1.97
−1.89
−4.81
−0.20
0.87

n.s.
n.s.
9.63 × 10−4
n.s.
n.s.

0
10
40
1000
200

2.43
2.10
4.36
1.41
−0.20

3.78 × 10−2
n.s.
1.82 × 10−3
n.s.
n.s.

0
10
40
1000
200

0.89
2.53
−1.31
−3.99
−2.57

n.s.
3.53 × 10−2
n.s.
4.03 × 10−3
3.33 × 10−2

0
10
40
1000
200

−1.63
−2.16
−4.65
0.26
1.05

n.s.
n.s.
1.64 × 10−3
n.s.
n.s.

n.s., not significant.

presentation of synchronous (i.e., 0 ms SOA) and asynchronous
(i.e., 200 ms SOA) audiovisual stimuli. To examine the effect
of hearing loss on the ability to accurately perceive the
synchrony of audiovisual stimuli, performance on trials made
up of synchronous and asynchronous stimuli were analyzed
pre- and post-exposure. For synchronous stimuli, a two-way
rmANOVA revealed a significant interaction of exposure by
time (F (1,8) = 15.0, p < 0.01). As can be seen in Figure 6A,
exposure to the loud noise caused a significant decrease in
performance on synchronous trials (p < 0.01). As expected, there
was no change in performance on synchronous trials following
the sham exposure (p = 0.762). Next, we examined the rats’
performance on synchronous trials following noise exposure
to determine if this performance correlated with final hearing
thresholds. Indeed, a Pearson correlational analysis revealed a
significant negative relationship between final click thresholds
and synchronous performance 3 days following noise exposure
(r = −0.857, p < 0.01; Figure 6B). Therefore, the perceptual
ability of noise-exposed rats to judge the synchrony of the
audiovisual stimuli was dependent on their level of hearing
impairment; a higher proportion of trials were perceived to
be asynchronous if the rats had a greater degree of hearing
impairment.
Beyond assessing performance in the first training session
following the noise exposure, synchrony perception was also
monitored for 10 days, after which the first experimental test
session was completed (i.e., post-exposure test at 75 dB SPL).
A two-way rmANOVA revealed a significant interaction of
exposure by training session (F (3.2,25.6) = 7.9, p < 0.001). As
shown in Figure 6C, a significant decrease in performance
occurred during the first two training sessions (i.e., Day 4 and 5).
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Experiment 2B—Impairments in
Asynchrony Detection Resulted in Altered
Perceptual Binding of Audiovisual Stimuli
Following Hearing Loss
To explore the consequences of adult-onset hearing loss on
audiovisual synchrony perception, rats trained on the SJ
task were tested 2 weeks following exposure to a loud noise.
For each test session, the rate of perceived synchrony was
calculated as the proportion of trials that were perceived as
synchronous for all SOAs ranging from 0 ms (i.e., synchronous)
to 200 ms (i.e., asynchronous). A two-way rmANOVA revealed
a significant interaction of exposure (i.e., post-sham vs.
post-noise) by SOA (F (2.1,16.6) = 6.9, p < 0.01). To further
examine this interaction, post hoc paired samples t-tests
completed between the two post-exposure test sessions
(i.e., post-sham vs. post-noise) revealed that rats reported
a significantly higher proportion of trials as synchronous
following noise exposure when the visual stimulus was
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FIGURE 6 | Hearing loss impaired performance during SJ training sessions. Performance on (A) synchronous and (D) asynchronous trials was compared pre- and
3 days post- exposure to a loud noise or sham. Following noise exposure, a significant decrease in performance on synchronous trials was observed (∗∗ p < 0.02, ns
= not significant). No difference was observed on asynchronous trials. Solid bars represent pre-exposure performance and patterned bars represent post-exposure
performance. Correlation results for (B) synchrony performance and (E) asynchrony performance were plotted as a function of final hearing sensitivity (i.e., click
thresholds). Gray circles represent the individual data for each rat post-noise exposure. The solid line represents the linear regression line, and the Pearson correlation
results along with the significance levels are displayed in the bottom of the panel. Behavioral performance on (C) synchronous and (F) asynchronous trials were
monitored for 10 days following sham and noise exposure. Performance on synchronous trials returned to typical performance within 5 days, whereas performance
on asynchronous trials remained consistently impaired across the majority of the training days (∗ p < 0.05, ∗∗ p < 0.004). Results are displayed as mean ± SEM, n = 9.

delivered 100 ms before the auditory stimulus (p < 0.01;
Figure 7A). Although additional comparisons did not
reach statistical significance once corrected for multiple
comparisons, modest changes were observed at an SOA
of 10 ms and 200 ms (see Table 2 for detailed statistics).
Overall, these results demonstrate that adult-onset hearing loss
impairs synchrony perception, such that truly asynchronous
audiovisual stimuli were more likely to be perceived as
synchronous.
To determine whether sound intensity was still capable of
influencing synchrony perception following adult-onset noiseinduced hearing loss, an additional test session was completed in
which the intensity of the auditory stimulus was increased from
75 dB to 90 dB SPL. As predicted, a two-way rmANOVA revealed
a significant interaction of sound intensity (i.e., 75 dB vs. 90 dB
SPL post-noise) by SOA (F (1.6,13.0) = 4.3, p < 0.05). Similar to the
differences observed in normal-hearing rats in Experiment 1B,
when the intensity of the auditory stimulus was increased from
75 dB to 90 dB SPL, noise-exposed rats showed a significant
increase in the proportion of trials perceived as synchronous
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at an SOA of 40 ms (Figure 7B). Thus, audiovisual synchrony
perception remained sensitive to changes in the intensity of the
auditory stimulus, despite these same rats showing an impaired
ability to detect asynchronous stimuli.
In addition to the analyses completed on the SJ
psychophysical curves following hearing loss, the 50% and
70% audiovisual asynchrony thresholds were compared across
all test sessions. Separate one-way rmANOVAs revealed
a significant effect of test session for the 50% threshold
(F (2,16) = 14.3, p < 0.001) and the 70% threshold (F (2,16) = 12.4,
p < 0.01). As shown in Figure 7C, the 50% asynchrony
threshold significantly increased following noise exposure
(p < 0.01); findings indicative of a greater degree of temporal
tolerance which could result in a broadened TBW. While the
70% threshold did not significantly increase following a noise
exposure, a trend towards an increase in threshold was observed
(p = 0.08; Figure 7D). Overall, despite this increase in the
epoch of time over which the audiovisual stimuli appeared
to be perceptually bound, the noise-exposed rats remained
sensitive to changes in the intensity of the auditory stimulus;
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FIGURE 7 | Impaired audiovisual synchrony perception following adult-onset hearing loss. (A) Experimental test sessions for the SJ task at 75 dB SPL were
completed 2 weeks following exposure to a loud noise (i.e., post-noise) or quiet (post-sham). (B) An additional test session was completed at 90 dB SPL
(i.e., post-noise (90 dB SPL)) and compared to the test session at 75 dB SPL (i.e., post-noise (75 dB SPL)), in order to determine if synchrony perception remained
sensitive to sound intensity (∗ p < 0.05, ∗∗ p < 0.01). For all test sessions, performance was plotted as the proportion of trials that the rats perceived as “synchronous”
(i.e., responded to the left feeder trough). The (C) 50% threshold and (D) 70% threshold were derived from all SJ test sessions. Two weeks following noise exposure,
there was a significant increase in the 50% threshold (∗∗ p < 0.017), and a modest increase in the 70% threshold (p = 0.08), indicative of a wider window of
perceptual binding. Results are displayed as mean ± SEM, n = 9.

i.e., when the intensity of the auditory stimulus was increased,
there was a significant increase in the 70% threshold (p < 0.01),
as well as a trend towards an increase in the 50% threshold
(p = 0.051). Thus, the collective results demonstrate that
adult-onset hearing loss alters the perception of audiovisual
synchrony.

conditioning, rats were trained and tested on either a TOJ task
in which they reported the relative timing of audiovisual stimuli
presented at various SOAs, or an SJ task in which they reported
whether audiovisual stimuli were presented at the same moment
in time or at different times. Ultimately, adult-onset hearing
loss caused a differential effect on audiovisual temporal acuity
depending on whether perception was assessed with the TOJ
or SJ task. For example, performance on the TOJ task revealed
that the perception of temporal order rapidly recalibrated
following noise exposure, resulting in a preservation of temporal
sensitivity. In contrast, noise-exposed rats showed a persistent
impairment in their ability to detect asynchronous audiovisual
stimuli during the SJ task, resulting in a greater tolerance of
asynchronous stimuli which could manifest as a widening of

DISCUSSION
To our knowledge, the present study represents the first
comprehensive investigation into the degree to which
audiovisual temporal acuity is influenced by adult-onset
hearing loss, with a specific focus on the time-course of
perceptual changes following loud noise exposure. Using operant

Frontiers in Behavioral Neuroscience | www.frontiersin.org

14

October 2018 | Volume 12 | Article 256

Schormans and Allman

Audiovisual Perception and Hearing Loss

For example, stimuli that are of lower intensity tend to occur
at a greater distance from the individual and thus result in
greater temporal differences between the respective sensory
receptors. Therefore, it has been postulated that the brain must
compensate for lower stimulus intensities by providing a greater
degree of tolerance, allowing for stimuli to be perceptually
bound (Krueger Fister et al., 2016). However, when only a
single stimulus is modulated, the intensity disparity between
the two stimuli could result in a lower degree of temporal
integration as the brain may be less likely to bind the stimuli
because they are more likely perceived as two separate events.
As the present study and that of Krueger Fister et al. (2016)
used an SJ task that only presented stimuli on the right-side of
simultaneity, further studies will be needed to determine how
alterations in stimulus intensity influence the entire temporal
window of integration. Ultimately, the collective results of the
first experimental series complement our understanding of the
factors that influence audiovisual temporal acuity, and may
offer important considerations when interpreting TOJ and SJ
task performance of participants with altered hearing sensitivity
(e.g., those with hearing loss, or individuals who experience
hyper-sensitivity to sounds).

their TBW. Taken together, these results provide important
insight into the nature and extent of behavioral plasticity of
audiovisual perception following adult-onset hearing loss.

Stimulus Intensity Predicts Audiovisual
Temporal Acuity
Prior to conducting our studies into the effect of adult-onset
hearing loss on audiovisual temporal acuity, psychophysical
testing was completed in normal-hearing rats for both the TOJ
and SJ tasks in which the intensity of the auditory stimulus
was modulated, while the intensity of the visual stimulus
was held constant. Overall, the results of this first series
of experiments demonstrated that sound intensity predicted
audiovisual perception, such that when a lower-intensity sound
was presented the rats were biased to perceive the audiovisual
stimuli as asynchronous (SJ task), or as though the visual
stimulus was presented first (TOJ task). As discussed below,
these results are consistent with previous studies on humans
that assessed PSS during TOJ tasks (Smith, 1933; Neumann
et al., 1992; Neumann and Niepel, 2004; Boenke et al., 2009).
For example, Boenke et al. (2009) found that increasing the
intensity of the visual stimulus during a TOJ task caused the
participants’ perception of simultaneity (i.e., PSS) to decrease;
findings consistent to when we lowered the intensity of the
auditory stimulus in the present study. Indeed, we found that
when the sound intensity was lowered, the PSS was more likely to
be perceived as ‘‘auditory-first’’ and conversely, when the sound
intensity was increased, the PSS shifted to being perceived as
‘‘visual-first’’ (Figure 2B). Collectively, the results in humans and
rats confirm that when the auditory or visual stimulus intensity
is modulated, a predicable perceptual shift occurs regarding
which stimulus modality was thought to have been presented
first.
Previous studies that screened for synchrony perception
using SJ tasks have demonstrated differential results when
the intensity of both stimuli were modulated, perhaps due to
different task parameters. For example, Smith (1933) observed
minimal effects of stimulus intensity on participants’ perceptual
judgment when presenting audiovisual stimuli on both sides
of simultaneity. However, when Krueger Fister et al. (2016)
presented stimuli only on the right-side of simultaneity (i.e., a
flash-beep task with visual-first asynchronies), they observed
that pairing weak auditory and visual stimuli resulted in a
decreased ability to accurately perceive when the stimuli were
asynchronous. Interestingly, using the same task parameters
as Krueger Fister et al. (2016), we found that decreasing the
intensity of only the auditory stimulus increased the proportion
of trials reported as asynchronous, indicating that the rats
exhibited an improvement in asynchrony detection during the
SJ task. Thus, it appears that decreasing the intensity of both
modalities increases the temporal offsets over which perceptual
binding occurs (i.e., TBW widens), yet decreasing the intensity
of only the auditory stimulus, potentially narrows the TBW.
While the degree of temporal tolerance appears to move in
opposite directions depending on whether the intensity of
both modalities or a single modality are modulated, these
collective results are in accordance with perceptual latencies.
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Hearing Loss and Audiovisual Temporal
Acuity
Given that hearing loss reduces one’s sensitivity to environmental
sounds, and we and others have shown that varying the intensity
of an auditory stimulus alters perceptual judgments in normalhearing participants, we reasoned that noise-induced hearing
loss in adulthood may impact audiovisual temporal acuity.
Interestingly, we found that 2–3 weeks after noise exposure rats
with permanent hearing loss maintained their ability to judge the
temporal order of the audiovisual stimuli, as PSS was unchanged,
and their temporal sensitivity was preserved (i.e., JND was
consistent). To our knowledge, this is the first investigation of
the effect of hearing loss on audiovisual temporal perception as
assessed with a TOJ task. That said, Baškent and Bazo (2011) used
an SJ task to study individuals with a hearing impairment, and
found that their level of perceptual binding (as assessed via the
TBW) was similar to normal-hearing participants; findings that
disagree with the persistent impairment in asynchrony detection
ability observed in the present study. However, these conflicting
results could arise due to experimental differences, including the
age of the participants used in each of the experimental groups,
the duration of hearing loss (2–3 weeks in rats vs. 6–28 years in
humans), as well as the absolute/relative intensity of the auditory
stimuli used in the SJ tasks (75 or 90 dB SPL in rats vs. adjusted
to compensate for sensation level in each hearing-impaired
participant). The presentation of auditory stimuli at sensation
level (i.e., adjusted based on the degree of hearing loss in each
participant) is a particularly important experimental difference,
as stimulus intensity is known to have a significant influence
on audiovisual perception. Thus, future studies in subjects with
hearing-impairments should include psychophysical testing at
both an absolute auditory intensity as well as at sensation
level.
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In considering the differential effects of hearing loss on
the TOJ and SJ task performance observed in the present
study, it is worth noting that previous research on normalhearing participants has also shown disparate results between
the two tasks. These differences in task performance are
thought to arise partially from participant response biases and
experimental methodology (Vatakis and Spence, 2007; Vatakis
et al., 2008b; Vroomen and Keetels, 2010; García-Pérez and
Alcalá-Quintana, 2012), or alternatively, because the TOJ and SJ
task rely on distinct perceptual processes (Kostaki and Vatakis,
2018). Indeed, Zampini et al. (2003) suggested that the TOJ
task performance may reflect processes related to temporal
discrimination, whereas SJ tasks may be more related to temporal
binding mechanisms. Examining our results under this proposed
framework, it seems that temporal order perception is preserved,
whereas the perceptual binding of stimuli is impaired following
adult-onset hearing loss. Interestingly, a previous study found
the opposite relationship in older participants (with corrected-tonormal hearing), who showed more difficulty in discriminating
the temporal order of the auditory and visual stimuli, but their
TBW during the SJ task was not different from younger adults
(Bedard and Barnett-Cowan, 2016).

of audiovisual perception. Support for this suggestion comes
from previous studies on normal-hearing participants which
found that engagement in perceptual training paradigms that
included trial-by-trial feedback (like in the present study) led to
an improved ability to detect asynchronous audiovisual stimuli,
thus resulting in a narrower temporal window of integration
(Powers et al., 2009; De Niear et al., 2016, 2018). Future studies
are needed to determine whether exposure to training stimuli is
necessary for the preservation of audiovisual perception.
At this time, it remains uncertain why the perception of
audiovisual temporal order fully recovered post-noise exposure,
whereas there was a persistent impairment in the rats’ ability to
detect asynchronous audiovisual stimuli during the SJ task. Given
that aspects of the SJ task performance (i.e., synchrony detection)
did indeed recover, it is reasonable to question whether it would
just have required a longer duration (>3 weeks) for asynchrony
detection and perceptual binding to also fully recalibrate
following permanent hearing loss. In support of this possibility,
Baškent and Bazo (2011) observed that participants with a
relatively short duration of deafness had wider TBWs, which
could suggest that, following auditory deprivation, synchrony
perception may improve over time. Ultimately, based on the
differential rates of recalibration post-noise exposure of the
aforementioned features of audiovisual temporal acuity (e.g., PSS
and JND from the TOJ task; synchrony/asynchrony detection
and TBW from the SJ task), our collective results provide
additional support for the suggestion that different perceptual
processes likely underlie TOJ and SJ task performance.

Behavioral Plasticity of Audiovisual
Temporal Acuity Following Adult-Onset
Hearing Loss
Although we observed no effect of hearing loss on the TOJ
task performance 2–3 weeks post-noise exposure, when the
rats first resumed training on the task 3 days after noise
exposure, they did show an impaired ability to accurately judge
the temporal order of audiovisual stimuli when the auditory
stimulus was presented before the visual stimulus. Moreover,
this impairment on ‘‘auditory-first’’ trials was related to their
level of hearing loss, such that the rats with the greatest hearing
loss performed the poorest on the ‘‘auditory-first’’ trials. It
was during the next 10 days of training that we observed
a progressive shift in the rats’ perception of temporal order
toward pre-noise exposure performance. Similar findings were
observed for rats’ performing the SJ task, in which their ability
to detect synchronous audiovisual stimuli was initially impaired
in relation to the level of hearing loss, but this ability recovered
progressively over the next 10 days. Overall, the daily exposure
to the training stimuli pairings (e.g., TOJ task: ±200 ms SOA;
SJ task: 0 and 200 ms SOA) may have resulted in the rats
re-learning the association between the stimuli pairings within
their new perceptual state (i.e., impaired hearing sensitivity from
hearing loss), which ultimately led to a perceptual recalibration

AUTHOR CONTRIBUTIONS
AS conducted all experiments and data analyses, co-designed
all experimental procedures and co-wrote the manuscript. BA
co-designed all experimental procedures and co-wrote the
manuscript.

FUNDING
This research was supported in part by grants from the Natural
Science and Engineering Research Council of Canada (NSERC
Discovery grant 435819-2013 RGPIN to BA) and the Canadian
Institutes of Health Research (CIHR 137098 to BA).

ACKNOWLEDGMENTS
We would like to acknowledge Albert Vo, Aly Balbaa, Katharine
Pacoli, Carissa Wong, Jonathan Chow, Braeden Medeiros and
Kaela Scott for their assistance on behavioral training.

REFERENCES

Bebko, J. M., Weiss, J. A., Demark, J. L., and Gomez, P. (2006). Discrimination of
temporal synchrony in intermodal events by children with autism and children
with developmental disabilities without autism. J. Child Psychol. Psychiatry 47,
88–98. doi: 10.1111/j.1469-7610.2005.01443.x
Bedard, G., and Barnett-Cowan, M. (2016). Impaired timing of audiovisual events
in the elderly. Exp. Brain Res. 234, 331–340. doi: 10.1007/s00221-015-4466-7
Boenke, L. T., Deliano, M., and Ohl, F. W. (2009). Stimulus duration influences
perceived simultaneity in audiovisual temporal-order judgment. Exp. Brain
Res. 198, 233–244. doi: 10.1007/s00221-009-1917-z

Basharat, A., Adams, M. S., Staines, W. R., and Barnett-Cowan, M. (2018).
Simultaneity and temporal order judgments are coded differently and change
with age: an event-related potential study. Front. Integr. Neurosci. 12:15.
doi: 10.3389/fnint.2018.00015
Baškent, D., and Bazo, D. (2011). Audiovisual asynchrony detection and
speech intelligibility in noise with moderate to severe sensorineural hearing
impairment. Ear Hear. 32, 582–592. doi: 10.1097/aud.0b013e31820fca23

Frontiers in Behavioral Neuroscience | www.frontiersin.org

16

October 2018 | Volume 12 | Article 256

Schormans and Allman

Audiovisual Perception and Hearing Loss

and Applications, eds A. Vatakis, F. Balci, M. Di Luca and A. Correa (Leiden,
Netherlands: Koninklijke: Brill), 233–262.
Krueger Fister, J., Stevenson, R. A., Nidiffer, A. R., Barnett, Z. P., and
Wallace, M. T. (2016). Stimulus intensity modulates multisensory temporal
processing. Neuropsychologia 88, 92–100. doi: 10.1016/j.neuropsychologia.
2016.02.016
Kwakye, L. D., Foss-Feig, J. H., Cascio, C. J., Stone, W. L., and Wallace, M. T.
(2011). Altered auditory and multisensory temporal processing in autism
spectrum disorders. Front. Integr. Neurosci. 4:129. doi: 10.3389/fnint.2010.
00129
Lewkowicz, D. J., and Flom, R. (2014). The audiovisual temporal binding window
narrows in early childhood. Child Dev. 85, 685–694. doi: 10.1111/cdev.12142
Lin, F., Niparko, J., and Ferrucci, L. (2011). Hearing loss prevalence in the
united states. Arch. Intern. Med. 171, 1851–1853. doi: 10.1001/archinternmed.
2011.506
Martin, B., Giersch, A., Huron, C., and van Wassenhove, V. (2013). Temporal
event structure and timing in schizophrenia: preserved binding in a longer
‘‘now’’. Neuropsychologia 51, 358–371. doi: 10.1016/j.neuropsychologia.2012.
07.002
Meredith, M. A., Nemitz, J. W., and Stein, B. E. (1987). Determinants of
multisensory integration in superior colliculus neurons. I. Temporal factors.
J. Neurosci. 7, 3215–3229. doi: 10.1523/JNEUROSCI.07-10-03215.1987
Meredith, M. A., and Stein, B. E. (1986). Visual, auditory, and somatosensory
convergence on cells in superior colliculus results in multisensory integration.
J. Neurophysiol. 56, 640–662. doi: 10.1152/jn.1986.56.3.640
Meredith, M. A., and Stein, B. E. (1996). Spatial determinants of multisensory
integration in cat superior colliculus neurons. J. Neurophysiol. 75, 1843–1857.
doi: 10.1152/jn.1996.75.5.1843
Miller, R. L., Pluta, S. R., Stein, B. E., and Rowland, B. A. (2015). Relative
unisensory strength and timing predict their multisensory product. J. Neurosci.
35, 5213–5220. doi: 10.1523/JNEUROSCI.4771-14.2015
Navarra, J., Vatakis, A., Zampini, M., Soto-Faraco, S., Humphreys, W., and
Spence, C. (2005). Exposure to asynchronous audiovisual speech extends the
temporal window for audiovisual integration. Cogn. Brain Res. 25, 499–507.
doi: 10.1016/j.cogbrainres.2005.07.009
Neumann, O., and Niepel, M. (2004). ‘‘Timing of ‘‘perception’’ and perception
of ‘‘time’’,’’ in Psychophysics Beyond Senstion: Laws and Invariants of Human
Cognition, eds C. Kaernbach, E. Schroger and H. Muller (Mahwah, NJ:
Lawrence Erlbaum Associates), 245–269.
Neumann, O., Koch, R., Niepel, M., and Tappe, T. (1992). Reaction time and
temporal serial judgment: corroboration or dissociation?. Z. Exp. Angew.
Psychol. 39, 621–645.
Perrault, T. J. Jr., Vaughan, J. W., Stein, B. E., and Wallace, M. T. (2005).
Superior colliculus neurons use distinct operational modes in the integration
of multisensory stimuli. J. Neurophysiol. 93, 2575–2586. doi: 10.1152/jn.00
926.2004
Popelar, J., Grecova, J., Rybalko, N., and Syka, J. (2008). Comparison of noiseinduced changes of auditory brainstem and middle latency response amplitudes
in rats. Hear. Res. 245, 82–91. doi: 10.1016/j.heares.2008.09.002
Powers, A. R. III., Hillock, A. R., and Wallace, M. T. (2009). Perceptual training
narrows the temporal window of multisensory binding. J. Neurosci. 29,
12265–12274. doi: 10.1523/JNEUROSCI.3501-09.2009
Raposo, D., Sheppard, J. P., Schrater, P. R., and Churchland, A. K. (2012).
Multisensory decision-making in rats and humans. J. Neurosci. 32, 3726–3735.
doi: 10.1523/JNEUROSCI.4998-11.2012
Rowland, B. A., and Stein, B. E. (2008). Temporal profiles of response
enhancement in multisensory integration. Front. Neurosci. 2, 218–224.
doi: 10.3389/neuro.01.033.2008
Schormans, A. L., Scott, K. E., Vo, A. M. Q., Tyker, A., Typlt, M.,
Stolzberg, D., et al. (2017a). Audiovisual temporal processing and synchrony
perception in the rat. Front. Behav. Neurosci. 10:246. doi: 10.3389/fnbeh.2016.
00246
Schormans, A. L., Typlt, M., and Allman, B. L. (2017b). Crossmodal plasticity
in auditory, visual and multisensory cortical areas following noise-induced
hearing loss in adulthood. Hear. Res. 343, 92–107. doi: 10.1016/j.heares.2016.
06.017
Schormans, A. L., Typlt, M., and Allman, B. L. (2018). Adult-onset hearing
impairment induces layer-specific cortical reorganization: evidence

Carroll, C. A., Boggs, J., O’Donnell, B. F., Shekhar, A., and Hetrick, W. P. (2008).
Temporal processing dysfunction in schizophrenia. Brain Cogn. 67, 150–161.
doi: 10.1016/j.bandc.2007.12.005
Chan, Y. M., Pianta, M. J., and McKendrick, A. M. (2014a). Older age results
in difficulties separating auditory and visual signals in time. J. Vis. 14:13.
doi: 10.1167/14.11.13
Chan, Y. M., Pianta, M. J., and McKendrick, A. M. (2014b). Reduced audiovisual
recalibration in the elderly. Front. Aging Neurosci. 6:226. doi: 10.3389/fnagi.
2014.00226
de Boer-Schellekens, L., Eussen, M., and Vroomen, J. (2013). Diminished
sensitivity of audiovisual temporal order in autism spectrum disorder. Front.
Integr. Neurosci. 7:8. doi: 10.3389/fnint.2013.00008
De Niear, M. A., Gupta, P. B., Baum, S. H., and Wallace, M. T. (2018). Perceptual
training enhances temporal acuity for multisensory speech. Neurobiol. Learn.
Mem. 147, 9–17. doi: 10.1016/j.nlm.2017.10.016
De Niear, M. A., Koo, B., and Wallace, M. T. (2016). Multisensory perceptual
learning is dependent upon task difficulty. Exp. Brain Res. 234, 3269–3277.
doi: 10.1007/s00221-016-4724-3
Diederich, A., and Colonius, H. (2004). Bimodal and trimodal multisensory
enhancement: effects of stimulus onset and intensity on reaction time. Percept.
Psychophys. 66, 1388–1404. doi: 10.3758/bf03195006
Eg, R., Behne, D., and Griwodz, C. (2015). Audiovisual temporal integration in
reverberant environments. Speech Commun. 66, 91–106. doi: 10.1016/j.specom.
2014.10.001
Foss-Feig, J. H., Kwakye, L. D., Cascio, C. J., Burnette, C. P., Kadivar, H.,
Stone, W. L., et al. (2010). An extended multisensory temporal binding
window in autism spectrum disorders. Exp. Brain Res. 203, 381–389.
doi: 10.1007/s00221-010-2240-4
Foucher, J. R., Lacambre, M., Pham, B.-T., Giersch, A., and Elliott, M. A. (2007).
Low time resolution in schizophrenia: lengthened windows of simultaneity
for visual, auditory and bimodal stimuli. Schizophr. Res. 97, 118–127.
doi: 10.1016/j.schres.2007.08.013
Fujisaki, W., Shimojo, S., Kashino, M., and Nishida, S. (2004). Recalibration of
audiovisual simultaneity. Nat. Neurosci. 7, 773–778. doi: 10.1038/nn1268
García-Pérez, M. A., and Alcalá-Quintana, R. (2012). On the discrepant results in
synchrony judgment and temporal-order judgment tasks: a quantitative model.
Psychon. Bull. Rev. 19, 820–846. doi: 10.3758/s13423-012-0278-y
Gleiss, S., and Kayser, C. (2012). Audio-visual detection benefits in the rat. PLoS
One 7:e45677. doi: 10.1371/journal.pone.0045677
Hairston, W. D., Burdette, J. H., Flowers, D. L., Wood, F. B., and Wallace, M. T.
(2005). Altered temporal profile of visual-auditory multisensory interactions in
dyslexia. Exp. Brain Res. 166, 474–480. doi: 10.1007/s00221-005-2387-6
Haß, K., Sinke, C., Reese, T., Roy, M., Wiswede, D., Dillo, W., et al. (2017).
Enlarged temporal integration window in schizophrenia indicated
by the double-flash illusion. Cogn. Neuropsychiatry 22, 145–158.
doi: 10.1080/13546805.2017.1287693
Hershenson, M. (1962). Reaction time as a measure of intersensory facilitation.
J. Exp. Psychol. 63, 289–293. doi: 10.1037/h0039516
Hillock, A. R., Powers, A. R., and Wallace, M. T. (2011). Binding of
sights and sounds: age-related changes in multisensory temporal processing.
Neuropsychologia 49, 461–467. doi: 10.1016/j.neuropsychologia.2010.11.041
Hillock-Dunn, A., and Wallace, M. T. (2012). Developmental changes in the
multisensory temporal binding window persist into adolescence. Dev. Sci. 15,
688–696. doi: 10.1111/j.1467-7687.2012.01171.x
Hirokawa, J., Bosch, M., Sakata, S., Sakurai, Y., and Yamamori, T. (2008).
Functional role of the secondary visual cortex in multisensory facilitation in
rats. Neuroscience 153, 1402–1417. doi: 10.1016/j.neuroscience.2008.01.011
Kaganovich, N. (2016). Development of sensitivity to audiovisual
temporal asynchrony during mid-childhood. Dev. Psychol. 52, 232–241.
doi: 10.1037/dev0000073
Keetels, M., and Vroomen, J. (2012). ‘‘Perception of synchrony between the
senses,’’ in The Neural Bases of Multisensory Processes, eds M. M. Murray and
M. T. Wallace (Boca Raton, FL: CRC Press/Taylor & Francis), 147–178.
King, A. J., and Palmer, A. R. (1985). Integration of visual and auditory
information in bimodal neurones in the guinea-pig superior colliculus. Exp.
Brain Res. 60, 492–500. doi: 10.1007/bf00236934
Kostaki, M., and Vatakis, A. (2018). ‘‘Temporal order and synchrony judgments:
a primer for students,’’ in Timing and Time Perception: Procedures, Measures,

Frontiers in Behavioral Neuroscience | www.frontiersin.org

17

October 2018 | Volume 12 | Article 256

Schormans and Allman

Audiovisual Perception and Hearing Loss

of crossmodal plasticity and central gain enhancement. Cereb. Cortex
doi: 10.1093/cercor/bhy067 [Epub ahead of print].
Setti, A., Finnigan, S., Sobolewski, R., McLaren, L., Robertson, I. H., Reilly, R. B.,
et al. (2011). Audiovisual temporal discrimination is less efficient with aging:
an event-related potential study. Neuroreport 22, 554–558. doi: 10.1097/wnr.
0b013e328348c731
Siemann, J. K., Muller, C. L., Bamberger, G., Allison, J. D., VeenstraVanderWeele, J., and Wallace, M. T. (2015). A novel behavioral paradigm
to assess multisensory processing in mice. Front. Behav. Neurosci. 8:456.
doi: 10.3389/fnbeh.2014.00456
Smith, W. F. (1933). The relative quickness of visual and auditory perception.
J. Exp. Psychol. 16, 239–257. doi: 10.1037/h0071379
Spence, C., Shore, D. I., and Klein, R. M. (2001). Multisensory prior entry. J. Exp.
Psychol. Gen. 130, 799–832. doi: 10.1037/0096-3445.130.4.799
Stanford, T. R., Quessy, S., and Stein, B. E. (2005). Evaluating the operations
underlying multisensory integration in the cat superior colliculus. J. Neurosci.
25, 6499–6508. doi: 10.1523/JNEUROSCI.5095-04.2005
Stein, B. E., and Meredith, M. A. (1993). The Merging of the Senses. Cambridge,
MA: The MIT Press.
Stekelenburg, J. J., Maes, J. P., Van Gool, A. R., Sitskoorn, M., and Vroomen, J.
(2013). Deficient multisensory integration in schizophrenia: an event-related
potential study. Schizophr. Res. 147, 253–261. doi: 10.1016/j.schres.2013.04.038
Stekelenburg, J. J., and Vroomen, J. (2007). Neural correlates of multisensory
integration of ecologically valid audiovisual events. J. Cogn. Neurosci. 19,
1964–1973. doi: 10.1162/jocn.2007.19.12.1964
Stevenson, R. A., Park, S., Cochran, C., McIntosh, L. G., Noel, J.-P., Barense, M. D.,
et al. (2017). The associations between multisensory temporal processing and
symptoms of schizophrenia. Schizophr. Res. 179, 97–103. doi: 10.1016/j.schres.
2016.09.035
Stevenson, R. A., Segers, M., Ferber, S., Barense, M. D., and Wallace, M. T.
(2014a). The impact of multisensory integration deficits on speech
perception in children with autism spectrum disorders. Front. Psychol.
5:379. doi: 10.3389/fpsyg.2014.00379
Stevenson, R. A., Siemann, J. K., Schneider, B. C., Eberly, H. E., Woynaroski, T. G.,
Camarata, S. M., et al. (2014b). Multisensory temporal integration in autism
spectrum disorders. J. Neurosci. 34, 691–697. doi: 10.1523/JNEUROSCI.361513.2014
Stevenson, R. A., and Wallace, M. T. (2013). Multisensory temporal
integration: task and stimulus dependencies. Exp. Brain Res. 227, 249–261.
doi: 10.1007/s00221-013-3507-3
Stolzberg, D., Hayes, S. H., Kashanian, N., Radziwon, K., Salvi, R. J., and
Allman, B. L. (2013). A novel behavioral assay for the assessment of acute
tinnitus in rats optimized for simultaneous recording of oscillatory neural

Frontiers in Behavioral Neuroscience | www.frontiersin.org

activity. J. Neurosci. Methods 219, 224–232. doi: 10.1016/j.jneumeth.2013.
07.021
Tak, S., Davis, R. R., and Calvert, G. M. (2009). Exposure to hazardous workplace
noise and use of hearing protection devices among US workers—NHANES,
1999–2004. Am. J. Ind. Med. 52, 358–371. doi: 10.1002/ajim.
20690
van Eijk, R. L. J., Kohlrausch, A., Juola, J. F., and van de Par, S. (2008). Audiovisual
synchrony and temporal order judgments: effects of experimental method and
stimulus type. Percept. Psychophys. 70, 955–968. doi: 10.3758/pp.70.6.955
Vatakis, A., Bayliss, L., Zampini, M., and Spence, C. (2007). The influence of
synchronous audiovisual distractors on audiovisual temporal order judgments.
Percept. Psychophys. 69, 298–309. doi: 10.3758/bf03193751
Vatakis, A., Ghazanfar, A. A., and Spence, C. (2008a). Facilitation of multisensory
integration by the ‘‘unity effect’’ reveals that speech is special. J. Vis. 8:14.
doi: 10.1167/8.9.14
Vatakis, A., Navarra, J., Soto-Faraco, S., and Spence, C. (2008b). Audiovisual
temporal adaptation of speech: temporal order versus simultaneity judgments.
Exp. Brain Res. 185, 521–529. doi: 10.1007/s00221-007-1168-9
Vatakis, A., and Spence, C. (2007). Crossmodal binding: evaluating the ‘‘unity
assumption’’ using audiovisual speech stimuli. Percept. Psychophys. 69,
744–756. doi: 10.3758/bf03193776
Vroomen, J., and Keetels, M. (2010). Perception of intersensory synchrony: a
tutorial review. Atten. Percept. Psychophys. 72, 871–884. doi: 10.3758/app.
72.4.871
Vroomen, J., and Stekelenburg, J. J. (2011). Perception of intersensory synchrony
in audiovisual speech: not that special. Cognition 118, 75–83. doi: 10.1016/j.
cognition.2010.10.002
Wallace, M. T., and Stevenson, R. A. (2014). The construct of the multisensory
temporal binding window and its dysregulation in developmental disabilities.
Neuropsychologia 64, 105–123. doi: 10.1016/j.neuropsychologia.2014.08.005
Zampini, M., Shore, D. I., and Spence, C. (2003). Audiovisual temporal order
judgments. Exp. Brain Res. 152, 198–210. doi: 10.1007/s00221-003-1536-z
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2018 Schormans and Allman. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

18

October 2018 | Volume 12 | Article 256

